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Abstract The cathodic deposition of silver whiskers as
microwires in the electrochemical cell Ag/AgBr/Ag has
been investigated. From growth experiments observed
with an optical microscope, we conclude that the growth
process occurs exclusively at the interface of the silver
wires with the solid electrolyte. The basal contacts of the
microwires show diﬀerent morphologies without clear
correlation to the substrate. The silver crystals often
show a hexagonal morphology, but XRD gives no def-
inite information on the structure of the wires. The
measured exchange current density is in the order of
100 mA/cm2. The growth rate and the diameter of the
microwires can be controlled by variation of the current.
Keywords Whisker Æ Cathodic deposition Æ Solid
electrolyte Æ Microstructure Æ Interface
Introduction
Electrochemical micro- and nano-structuring is cur-
rently of strong interest in various ﬁelds of application,
primarily due to the expected low costs. In this context
ﬁrst attempts to apply solid state electrochemical tech-
niques have recently been reported by Spangenberg et al.
[1] using microelectrodes and by Terabe et al. [2] using
scanning tunneling microscope (STM). It is the purpose
of this paper to report on ﬁrst attempts to apply the
electrochemically controlled whisker growth on solid
electrolytes as a route towards the preparation of metal
microwires and microwire arrays.
Whisker growth by supersaturation of mixed ionic/
electronic conductors like Ag2S [3] and Ag2Se [4] or by
chemical reduction of silver halides [5] has early been
reported, but suﬀers from a lack in reproducibility of the
product morphology. The cathodic deposition of whis-
ker-type deposits on single crystalline solid electrolyte
structures appears to be a reasonable basis for a much
more reﬁned product morphology, being well adjustable
by the experimental parameters.
Electrochemical deposition and dissolution of metals
in liquid electrolytes are well documented and investi-
gated as classical examples for electrode processes and as
important elements of many technological processes
(e.g. galvanization, battery charging or discharging) [6].
The low viscosity of liquid electrolytes and continuous
homogenization by convection typically leads to well-
known dendrite- or fractal-like growth morphologies of
the cathodic deposits, if no surface active compounds
are added. Both the corresponding anodic and cathodic
phenomena in solid electrolytes are by far less investi-
gated. In particular, the cathodic deposition of metals on
solid electrolytes is not well understood, as Spangenberg
et al. [1] pointed out. Mechanical eﬀects, related to the
elastic and plastic deformation of the solid phases, and
thus, to the presence of non-equilibrium defects (mainly
dislocations) play a decisive role for metal dissolution or
growth in or on a solid electrolyte [7], compared to their
less signiﬁcant role in liquid state processes. From this
point of view, our study also adds basic knowledge to
the interfacial kinetics of solid electrolytes.
Materials and methods
Materials
AgBr single crystals were purchased from Korth Krist-
alle GmbH, cut, grinded and chemically polished with
Na2S2O3 solution (c = 2 mol/l). Silver cathodes and
anodes were cut from silver foil (99.9 %, Chempur) and
prepared by grinding and polishing with diamond sus-
pension (1/4 lm).
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Cell arrangement
The whisker growth experiments have been performed
in two diﬀerent experimental setups. The ﬁrst setup
consists of a conventional sample holder for solid state
galvanic cells, which is placed into a furnace as de-
scribed in [8]. The second setup is a small heating
stage under an optical microscope, which we designed
particularly for whisker growth experiments. In both
setups the electrochemical cell can be heated up to
300 C, and mechanical pressure can be applied
orthogonal to the interface AgBr/Ag. Thus, it is pos-
sible to observe the process at the anodic interface by
using the optical microscope. The cell was connected
to a standard potentiostat (model 263 A, Perkin
Elmer) with computer controlled data acquisition.
Electric currents between 150 and 300 lA have been
applied to geometrical electrode areas with a size of
approx. 35 mm2, corresponding to the mean current
densities in the order of 1 mA/cm2 (assuming the
whole geometric electrode area to be electrochemically
active). The corresponding electrode overvoltages
during whisker growth and dissolution were in the
order of a few millivolts. In Fig. 1, the experimental
cell for the electrochemical growth of whiskers is
depicted schematically.
Ex situ investigations of the whiskers were performed
by ﬁeld emission scanning electron microscopy (FE-
SEM) and X-ray diﬀraction (XRD). The whisker roots
were prepared by mechanical separation of the silver
whiskers from the solid electrolyte and subsequent
cleaning with Na2S2O3 solution.
Results
Morphology of whiskers
The typical whisker density (average over large area) is
in the order of 106/cm2, showing a relatively homoge-
neous distribution in case of a good electrode contact. If
the electrode contact is restricted to a few point contacts,
only dendrite formation along the electrolyte surface is
observed.
Some whiskers clearly show a hexagonal morphol-
ogy, see Fig. 5d, but most whiskers show a less well-
deﬁned morphology. Typical slip bands of single crystals
are found and prove the high degree of crystallinity of
the whiskers. The preparation of whiskers for XRD
investigations is diﬃcult, mechanical deformation of the
thin metal whiskers during removal from the electro-
chemical cell cannot be avoided. Nevertheless, we
attempted to determine the structure of single whiskers
by XRD, employing an IPDS technique. So far, ﬁrst
results from IPDS measurements indeed indicate a
hexagonal symmetry with a unit cell of the dimensions a
= b = 0.298 nm and c  0.705 nm. However, the
structure determination bears severe problems: due to
the slip bands of the whiskers it is not possible to
determine precisely all three unit cell constants. The cell
constant c in the direction of crystal growth shows a
large error. Thus, the determination of the c parameter is
diﬃcult, most probably due to a large number of
stacking faults of the (111) layers. Twinning of whiskers
can also not be excluded, and thus, future eﬀorts will be
directed towards a transmission electron microscope
(TEM) characterisation. At this stage of the investiga-
tion, we conclude that the electrochemical growth of
silver whiskers at 300 C appears to lead to single, twin
or multi-twin crystals with close packed silver layers in
plane with the substrate surface, incorporating a high
density of stacking faults.
Inﬂuence of cathode geometry
As shown in Figs. 1 and 2, the deposition takes place by
the formation of a bundle of equally sized silver whiskers
at a macroscopically extended plane electrode, giving the
appearance of a whisker or microwire ‘‘array’’. It should
be noted that array-like whisker growth is only observed
at plane cathodes in good mechanical contact with the
electrolyte. The surface preparation of the cathode has
no detectable inﬂuence on the process. Thus, thin plastic
electrodes which provide a good initial contact to the
solid electrolyte are recommended.
Inﬂuence of substrate
Test experiments have been performed on both single
crystalline AgBr and AgCl substrates. In contrast to the
Fig. 1 Experimental setup (schematical) for the electrochemical
growth of silver whiskers and SEM graph of silver whisker array
grown electrochemically on AgBr
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whisker growth on AgBr, the metal is always deposited
in a dendritic morphology on AgCl, as exempliﬁed by
Spangenberg et al. [1]. Thus, we mainly used AgBr as the
solid electrolyte substrate for whisker growth.
In addition, we performed growth experiments with
the electrochemical cells Cu/CuBr/Ag and Cu/AgBr/Ag.
In both cases, the growth of metal whiskers is observed.
In the ﬁrst case, pure copper whiskers are precipitated. In
the second case the whiskers consist of silver with a small
amount of copper impurity (< 0.3 %). Microprobe
measurements show a slight increase of the copper
amount towards the whisker roots. This is expected due
to the fact that it takes a certain time until the copper is
diﬀused through the solid electrolyte. Changing the an-
ode in a controlled manner from one metal to the other
one, bimetallic whiskers might be grown.
Experimental parameters
We investigated the growth of silver whiskers upon
variations of mechanical pressure towards the cathode,
deposition time and electric current. Longer deposition
times at constant mechanical pressure result in longer
whiskers without changing the diameter during growth.
The practical limit to whisker length depends simply on
the mechanical forces which easily lead to the defor-
mation of long whiskers. During growth the electrode is
detached and is continuously separated from the elec-
trolyte by the growing whiskers, and a homogeneous
mechanical pressure to the electrode is highly recom-
mended. Typically, we grew whiskers with a diameter
between a few microns and some ten microns and with a
length of a few millimeters. The average whisker density
has been determined as 2·106/cm2. If the electric current
is reduced, the growth rate decreases, too. Faster
growing whiskers show a larger diameter than others
and are often grown together, leading to twins. Whiskers
which are grown as twins can also be produced by
applying higher mechanical pressure to the cell.
Growth kinetics
We observed the growth process in situ under an optical
microscope (see Fig. 2) with a long distance optics. A
typical slip band of a single silver whisker is marked with
a white circle. As is seen in the time series, this mark
moves along with the growing whisker during the
experiment. We measured the length of a growing
whisker as function of time and got a constant growth
rate (cf. Fig. 3) for constant electric current. At a current
of I = 150 lA we measured a mean growth rate of
2.7 lm/min for a whisker with an approximate diameter
of 1 lm, from which we evaluate a current density of
133 mA/cm2 for the observed whisker.
I-U-characteristics
Applying low voltages in the order of some millivolts to
the cell leads to currents in the order of up to 1 mA. A
typical cyclic voltammogram is shown in Fig. 4. The
cathode always shows a completely reversible and ohmic
behaviour corresponding to an exchange current of I0 @
50 mA/cm2, estimating the whisker root area to be
approximately 8 % of the geometrical area of the cell in
this experiment. Thus, combining results and current
density estimation for single whiskers and whisker
ensembles, we conclude that a typical mean current
density at I = 150 lA leads to local current densities at
each whisker root in the order of 100 mA/cm2. This
Fig. 2 Time sequence of optical
micrographs taken during
cathodic growth of a whisker
array. One whisker with a
diameter of approximately
1 lm is marked. The outward
shift of a whisker defect during
growth clearly proves growth
by metal addition at the AgBr/
Ag-whisker interface (I =
150 lA, T = 300 C)
Fig. 3 Length of a silver whisker (marked in the left micrograph,
galvanostatic conditions) as function of time
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value corresponds well with the observed whisker
growth rate.
The current was applied to a cell with a geometrical
electrode area of 0.25 cm2, but the electrochemically
active area (the whisker/electrolyte interface area) results
as only 3.7·103 cm2 (@ 1.5 % of the geometric area).
Whisker roots
The whisker roots have been investigated by scanning
electron microscope (SEM) after cathodic growth.
Typically, we found three diﬀerent types of whisker
roots (see Fig. 5a–c) after removal of the substrate, all
showing a pyramidal shape with either fourfold, sixfold
or spherical symmetry even for the same substrate (AgBr
single crystal, not orientated). All whisker roots are
grown into the solid electrolyte. Whether this fact has to
be explained by plastic deformation of the relatively soft
AgBr or is directly related to the nucleation process
cannot be clariﬁed yet. Most probably the whisker
nucleation takes place at points where dislocations
emerge at the surface of the solid electrolyte. These
points are sites of repeatable growth and favour the
nucleation process.
Discussion
Silver bromide is a good silver ion conductor with neg-
ligible electronic conductivity at T = 300 C. Thus the
current is transformed 1:1 into a corresponding silver
ion ﬂux across AgBr. Silver dissolution takes place at the
anode and leads to the same non-linear kinetics as
described by Majoni and Janek [8, 9] for the electro-
chemical cell Ag/a-AgI/Ag. At solid/solid electrodes the
rigidity of both the crystalline electrolyte and the metal
electrode and the corresponding mechanical properties
usually lead to complicated anode kinetics even includ-
ing periodic oscillatory behaviour. Origin of this com-
plicated kinetics is the formation of metal vacancies and
the relaxation of these lattice vacancies at the anodic
interface. At low temperature these lattice vacancies
create pores and lead to a more or less complete deg-
radation of the electrode interface under continuous
anodic load. At high temperatures the annihilation rate
of vacancies increases due to an increase in atomic
mobility. In any case, the anodic electrode process is
extremely sensitive to mechanical pressure, and it is
diﬃcult to obtain reproducible experimental results.
As it is shown, the speciﬁc properties of solid/solid
interfaces lead to cathodic growth modes which diﬀer
completely from their counterparts in liquid state. The
cathodic deposition of silver on silver bromide occurs via
reproducible formation of crystalline silver microwires
Fig. 5 SEM pictures (a–d).
Individual whisker roots, a
pyramidal, b cone-shaped, c
stare-shaped, d hexagonal
whisker
Fig. 4 Cyclic voltammogram of the cell Ag/AgBr/Ag during
whisker growth and dissolution
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(whiskers) with typical diameters in the range from 1 to
20 lm on large electrolyte areas in the order of many
square millimeter with a density in the order of 106/cm2.
It can be seen clearly in the time series of whisker
growth in Fig. 2 that the marked slip band shifts out-
ward. This proves that the whisker growth takes place at
the interface AgBr/Ag-whisker (the ‘‘whisker root’’).
Thus, two other whisker growth mechanisms, the
vapour–liquid–solid [9] and the spiral growth mechanism
[10] which are described in the literature for other sys-
tems, can deﬁnitely be excluded.Whisker growth onAg2S
driven by supersaturation of Ag has been investigated by
O’Briain [3] and Ohachi [4]. Both also proved that whis-
ker growth occurred by metal addition to the whisker
root. Again, the morphology of the whiskers is diﬀerent.
The excellent electrode properties of whiskers easily
allow high current densities, as only a few percent of the
geometrical area of a substrate are in contact. Since the
whiskers have a more or less higher distance between
each other, the real electrochemically active contact area
is signiﬁcantly smaller than the geometrical area. The
observed current exchange density in the order of
approximately 100 mA/cm2 is not as high as the one
determined by Corish and O‘Briain at a single
Ag-whisker in contact with Ag2S. They reported a cur-
rent exchange density of up to 2 A/cm2.
It is striking that silver whiskers obviously show, at
least partially, a hcp structure. Regarding the small
diﬀerence in lattice energy for silver in its equilibrium fcc
and metastable hcp structure, this is not too surprising.
We suppose that the electrochemical growth occurs at a
suﬃciently strong deviation from thermodynamic equi-
librium, such that non-equilibrium structures are created
despite the elevated temperature. Recently, Jona et al.
[13] made total-energy calculations for hexagonal silver
and showed that hexagonal silver represents a metasta-
ble phase. Such kind of strong disorder is not impossi-
ble. For example, it is also well known that cobalt metal
shows a high degree of stacking disorder [14]. Interest-
ingly a hexagonal fcc lattice was found for nano-crys-
talline super silver particles by Harfenist et al. [12].
Conclusions
Summarizing, we ﬁnd that cathodic deposition of silver
on AgBr at extended electrodes at a temperature of T =
300 C leads rather to the growth of whisker arrays or
ﬁelds than to fractal or dendritic surface morphologies
as reported by Spangenberg et al. [1] for AgCl. Whether
this is due to a diﬀerent surface chemistry of AgCl and
AgBr is yet not clear. We assume that the size of the
cathode and the electric ﬁeld distribution inﬂuence the
growth mode. Dendritic or fractal growth is usually
observed at point electrodes, whereas we observe whis-
ker growth only at electrodes with a large electroactive
area.
We assume that surface defects in the solid electrolyte
formed by the points of emergence of dislocations create
sites for the nucleation of whiskers. However, so far this
is a hypothesis rather than a proven fact. A typical
whisker density is in the order of 2·106/cm2 which
compares relatively well with typical dislocation densi-
ties in ionic crystals and supports our hypothesis.
Whether regular whisker arrays can be produced after a
suitable surface preparation (e.g. electron beam lithog-
raphy) will be investigated by further experiments. In
addition, we examine whether other metals can be
deposited on adequate solid electrolyte substrates (e.g.
copper whiskers on copper halides). An important
aspect to be investigated is the strong inﬂuence of the
substrate on the product morphology.
Finally, it has to be noted that Ohachi [15] reported
on the electrochemical growth of silver whiskers on sil-
ver sulphide and silver selenide. The growth mechanism
is diﬀerent, as Ohachi produced whiskers by supersatu-
ration of the non-stoichiometric material. Thus, the
position and density of whiskers is not controlled via an
electrode process, as it is shown in our work. The
cathodic deposition of silver on single crystalline AgCl
has been investigated by Spangenberg et al. [1]
employing a microelectrode technique. The growth oc-
curs mainly along mechanically produced surface defects
like scratches. These are decorated by the cathodic
deposit, and thus, electrochemical ‘‘writing’’ on a solid
electrolyte surface is possible. The solid state electro-
chemical growth of silver or copper microwires, pre-
sented here, might easily be improved by using
prestructured electrolytes.
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